Background: Postoperative pulmonary complications are common. Between patients there are differences in lung and chest wall mechanics. Individualised mechanical ventilation based on measurement of transpulmonary pressures would
evaluated in attempts to lower postoperative pulmonary complications, but the results have not been unanimous. 3e6 VT less than 10 ml kg À1 is recommended, 7 but the optimal PEEP level, which is dependent on several factors such as BMI, 8 body position, and type of surgery, 9 still remains unclear. 10 Ventilator settings affect patients differently because of differences in mechanic properties of the lungs and chest wall. 11e15 In studies of lung protective ventilation perioperatively there are patient and surgical related factors that influence lung and chest wall mechanics in different ways. When similar ventilator settings are applied in a diverse group of patients, there will be beneficial effects in some while other patients may just experience complications, such as haemodynamic instability. 6 To attenuate harmful effects of mechanical ventilation perioperatively, lung mechanic properties of the patient need to be evaluated and ventilator settings need to be individualised. The conventional method for calculation of lung elastance and transpulmonary pressures (PLs) with oesophageal pressure (PES) measurements is cumbersome and seldom used even in intensive care units. There is a need for a more convenient method for use in the operating theatre. With a previously introduced PEEP-step method (PSM), 16 lung elastance and transpulmonary driving pressures (DPLs) may be determined from a change of PEEP and the corresponding change in end-expiratory lung volume (EELV) (calculated from differences in inspiratory and expiratory VTs). The PSM has been validated in a porcine study, 16 in patients with acute respiratory failure in the intensive care unit 17 and also described and tested in a lung model. 18 Our hypothesis is that the PSM, by determining lung and chest wall mechanics and DPL, could help the clinician to individualise ventilator settings and improve lung protective ventilation perioperatively. The aim of the present study was to validate the PSM in lung healthy patients during anaesthesia by comparing it with the conventional method for calculations of lung mechanics using PES measurements.
Methods

Subjects
Thirty patients scheduled for thoracoscopy or surgery in the gynaecological area or thyroid/parathyroid glands were included in the study after informed written consent was obtained. Exclusion criteria were body mass index >35 kg m À2 , previous surgery involving the pleura, large intrathoracic tumours or severe lung or heart disease. Six patients were excluded after inclusion (two because of difficulties in oesophageal catheter placement, one because of air leakage from the oesophageal catheter system, and three after evaluation of the occlusion test, see below), leaving measurements from 24 patients for analyses. For subject characteristics, see 
Measurements
Airway pressures (PAWs) and volumes were measured by the Flow-I anaesthesia machine (Maquet Critical Care, Solna, Sweden) and presented by a Maquet dedicated software, see below. PES was measured with a balloon catheter (Nutrivent™, SIDAM, Mirandola, Italy) connected to a standard pressure transducer (DTXplus, Argon Medical Devices Inc., Plano, TX, USA) and an S/5 anaesthesia monitor (GE, Datex-Ohmeda, Danderyd Sweden). During the occlusion test 19 pressure curves from oesophageal and airway pressures, for this purpose measured at the Y-piece by an identical transducer and monitor as described above, were compared visually. During data analysis, the ratio of the oesophageal and airway pressure change was calculated and measurements from patients with a ratio outside 0.8e1.2 20 were excluded from further analysis.
After an increase or decrease in PEEP, the DEELV was determined as the cumulative differences in inspiratory and expiratory VT during the first 15 breaths, according to Grivans and colleagues. 21 For these calculations and for presentation of PAW and VTs Maquet CC has developed a software that collects pressure and flow data at a frequency of 100 Hz from Flow-I. The software analyses the pressure signal, presents the measured level of PEEP, and responds to changes. During the following 15 breaths after an increase or decrease of PEEP, changes of EELV are summed up. Calculations of inspiratory (VTi) and expiratory (VTe) VTs are made by summation of flow samples from the inspiratory and expiratory phase, respectively. The offset (VTiVTe) is determined during breaths 16e20 at the new PEEP level and then compensated for in DEELV calculations.
Experimental procedure
Anaesthesia was induced with propofol and fentanyl or remifentanil and muscle relaxation obtained by rocuronium in order to facilitate intubation with a cuffed tracheal tube. Anaesthesia was maintained with sevoflurane or propofol and fentanyl or remifentanil infusion. Rocuronium was given PEEP was increased and returned to baseline three times with different sizes of PEEP steps. Changes in lung volume were determined as the mean of the changes in end-expiratory volume from PEEP up and PEEP down. Based on previous studies showing a mean lung elastance/respiratory system elastance ratio of 0.7, 22 the size of the first PEEP step was set to 70% of the airway driving pressure and adjusted when needed in order to achieve a DEELV similar to the baseline VT (±20%).
The second and third PEEP steps were set to approximately 1.5 and 2.0 times the size of the first one. VT was changed after each PEEP step to the same volume as DEELV for 2 min and airway pressures and PESs recorded during this period were used for conventional calculations (Fig 1, and Fig. S7 ). A total of 72 measurements were performed in 24 patients. Two measurements were excluded because of disturbances on the PES curves during the largest VT, leaving 70 measurements for analyses. All measurements were performed before start of surgery with the patient in supine position.
Calculations by conventional method
Airway driving pressure (DPAW) is calculated as the difference between end-inspiratory plateau pressure and PEEP. Oesophageal tidal pressure variation (DPES) is calculated as the difference between end-inspiratory and end-expiratory PES.
Respiratory system elastance and chest wall elastance are determined as airway driving pressure divided by VT and PES variations divided by VT, respectively. DPL CONV is computed as the difference between DPAW and DPES and lung elastance as DPL divided by VT. Change in EELV is determined as change in PEEP divided by lung elastance and change in end-expiratory PL as DEELV multiplied with lung elastance. The change in end-expiratory pleural pressure is computed as the difference between the change in PEEP and change in end-expiratory PL. The end-expiratory chest wall elastance is derived from change in pleural pressure divided by change in EELV (Appendix S1).
Calculations by the PEEP-step method DPL CONV and DPEEP, measurements are divided in three groups according to the size of DEELV and corresponding VT (300e500, 500e700, and 700e1100 ml). One measurement from each patient is included in each group. If two measurements from the same patient end up in the same group, the pressure measurements from the DEELV and corresponding VT closest to the centre of the volume span are used.
The agreement between measured DPL CONV and DPEEP is analysed with distribution of the differences between the measurements and calculation of limits of agreement (mean difference±1.96ÂSD for differences ). 23 Systemic differences between the methods are analysed with Wilcoxon Signed rank test. The methods are also compared with intraclass correlation coefficient (ICC) according to Shrout and Fleiss. 24 Agreement between DPL calculated by the two methods is illustrated with a Bland-Altman plot. Coefficient of variation (CV) during repeated measurements is calculated as SD divided by the mean value (SD/mean) and presented as percentages. A formal power analysis was not performed before the start of study, but three measurements with each method in 24 patients were considered reasonable for comparison of methods.
Results
Change in end-expiratory lung volume
An increase in PEEP induced an inflation of the lungs during 5e15 breaths (mean 6.8), which led to higher EELV (Fig. S1) (Fig. 2) . During the first breath 68 (5)% of the total increase of EELV occurred and the change in volume depended on the size of the PEEP step and on respiratory system elastance (Fig. S2 ).
Measurement precision
The CV in inspiratory and expiratory VTs and PEEP, used for calculations in the PSM, was 0.2 (0.1), 0.8 (0.3), and 0.8 (0.4)%, respectively, during 10 breaths at steady state, regardless of PEEP level (Tables S3 and S4 ). The mean CV when comparing DEELV from PEEP up and PEEP down in all 70 PEEP steps was 3.5 (2.6)%.
Comparison of methods
The median differences between the measured PEEP-induced lung volume increase and the VT set after returning PEEP to baseline were 6 (0e20), 5 (0e15), and 11 (2e126) ml after the first, second, and third PEEP steps, respectively. The DPL of a VT equal to the change in EELV is closely correlated to the change in PEEP (Fig. 3 and Fig. S3 ). 
Elastance of the lung, chest wall, and respiratory system
During ventilation with VTs set according to DEELV, the mean ratio of lung elastance and total respiratory system elastance was 0.73 (0.11) and median 0.74 (0.50e0.95) (Tables S1 and S2 ). The mean calculated increase in end-expiratory pleural pressure for the first, second, and third PEEP steps were À0.1 (0.9), À0.0 (1.2), and À0.1 (1.4) cm H 2 O, respectively, resulting in an end-expiratory chest wall elastance close to zero (Fig. S4) .
Discussion
By performing a PEEP step procedure and then calculating the change in EELV, it was possible to separately determine lung and chest wall mechanics in patients during general anaesthesia. There was good agreement between transpulmonary driving pressure (DPL) determined by the PSM and by the conventional method using PES measurements.
Physiological basis for the PEEP-step method
The resting volume of the chest wall corresponds to 70e90% of the total lung capacity 26e28 and below this volume, the chest wall strives outwards. The expanding chest wall and the recoiling lung causes the negative pleural pressure. 26, 27, 29, 30 PEEP counteracts the recoiling force of the lung, allowing the chest wall to expand further. At end-expiration, the chest wall is off-loaded from the lung and the negative pleural pressure is maintained, even when PEEP is increased. The gradual increase of EELV after an increase of PEEP was first described by Katz and colleagues 31 who noticed that only 66% of the total change in EELV occurred during the first breath as compared to 68% in the present study. During the following breaths, the EELV continues to increase in spite of a constant endexpiratory PAW. We propose that this phenomenon is caused by the slow expansion of the chest wall complex (rib cage, diaphragm, and abdomen) adapting to a new pressure/ volume equilibrium where the expanding force is balanced by the recoiling force of the lung. During tidal inspiration as well as initially after an increase of PEEP, the chest wall complex will act as a weight, 32 which has to be displaced during inflation. As a consequence, the change in EELV after the first breath is dependent on respiratory system elastance (Fig. S2) . Gradually the chest wall expands, offloads the lung, and restores the negative end-expiratory pleural pressure (Fig. S4) . 33 This leads to the change in end-expiratory PL being equal to the change in PEEP (Figs 3 and 4 , Figs S4, and S7, Table 2 ) and the total change in EELV being dependent on the size of the PEEP step and elastance of the lung (Fig. 2) . Lung elastance may, as a consequence, be calculated as the change in PEEP divided by the change in EELV and then used for calculations of DPL. The end-inspiratory PL above functional residual capacity is obtained by adding the DPL to the set PEEP, as the endexpiratory PL increases as much as PEEP.
Measurement precision
The PSM relies on measurement of DEELV from differences between inspiratory and expiratory VTs. The variation in measured inspiratory and expiratory VTs and PEEP was low at steady state (0.2e0.8%), although small differences may cause an uncertainty in DEELV measurements as it is a summation from 15 breaths. The low mean variation between DEELV from PEEP up and down (3.5%), in contrast, suggests a very good repeatability. Calculations of DEELV may theoretically be affected by other factors inducing an offset between inspiratory and expiratory VT. This influence was minimised by calculation of the offset at steady state at each new PEEP level and then compensated for in DEELV summation. Ending calculation of DEELV after 15 breaths assumes that the new steady state has been reached, which might not always be the case after large PEEP changes. This potential underestimation of the DEELV and overestimation of the offset might contribute to the discrepancy between methods in single patients during the largest PEEP steps.
When the position of the oesophageal catheter, which is the basis for conventional measurements, was tested using an occlusion test, 88% of patients had a DPAW/DPES ratio within 0.8e1.2, which is in line with previous findings at a filling volume of 4 ml. 34 Still many factors may influence the pressure measurements even when the catheter is placed correctly. 32, 34, 35 The amount of air in the balloon is a factor that greatly affects the size of PES variations, and the actual optimal filling volume is individual and varies between 0.5 and 6 ml. 34 There is also a substantial variability in DPES measurements between different catheters as shown by Chiumello and colleagues. 36 As a consequence, a large part of the discrepancy seen between the two methods in this study may be explained by the variability in PES measurements.
Comparison of methods
The PES, used in conventional calculations of PL, is only representative of the pleural pressure in the mid-lung region, 37 while the pressure calculated by the PSM represents a mean value from all open lung regions. For correct comparison between methods, the non-linearity of the lung pressurevolume curve 38 must also be taken into account and lung elastance has to be measured over the same volume range by both methods (Fig. S5) . Differences between DEELV and set VT may contribute to the difference between methods mainly during the largest PEEP step.
Applicability of study results
Measurements were performed using different sizes of PEEP steps in lung healthy patients with BMI 18.5e32.3, aged 21e76 yr, and before start of surgery. The PSM has also previously been validated in patients with acute respiratory failure in the intensive care unit. 17 Still it needs further evaluation in patients with other mechanic properties of their respiratory system (obesity, chronic obstructive pulmonary disease, etc.) and in other clinical situations influencing lung and chest wall mechanics (laparoscopic surgery, Trendelenburg position, etc.).
Clinical implication
The mean ratio lung elastance/respiratory system elastance of approximately 0.7 shows that, on average, 70% of the airway driving pressure affects the lung. The large individual variation seen in our patients (0.5e0.95) illustrates the importance to monitor the PL instead of setting the ventilator based merely on PAWs. The airway driving pressure has been shown to correlate to outcome in patients with ARDS 39 and with postoperative pulmonary complications after surgery. 40 However, an airway driving pressure of, for example, 15 cm H 2 O may result in a DPL of 7e14 cm H 2 O. A method that evaluates the DPL, which is the actual pressure that induces lung stress, 41 may help clinically to optimise lung protective ventilation, minimise ventilator induced lung injury, and hopefully lower postoperative pulmonary complications. By calculating the DPL, cases with normal PAWs but a high degree of lung stress, and cases with high PAWs but a low degree of lung stress will be revealed. The PSM, which is easy to perform and may be incorporated in modern ventilators, also makes it possible for the clinician to repeatedly evaluate lung and chest wall mechanics and PLs, and determine how they are affected by different situations or manoeuvres perioperatively, such as change of ventilator settings, patients positioning, or recruitment manoeuvres.
The findings in the present study that the PSM may be used to separately determine lung and chest wall mechanics and DPL are in line with the findings in previous studies on pigs, 16 in patients with acute respiratory failure, 17 and in calculations on reported values from patients included in other studies. 18, 42 This study is important as it both introduces a potentially useful method in the perioperative care of patients and also provides important knowledge about lung and chest wall mechanics and interaction.
